DNA and RNA across the surface of the enzyme.
based on a K D of 30 nM as determined from electrophoretic mobility shift assays (data not shown). The cocrystals were smaller and less abundant than crystals obtained with the polymerase alone. This was apparently due to interference by free DNA, since increasing the concentration of DNA inhibited crystal formation. The negatively charged DNA may bind to the positively charged lipid layer and prevent polymerase binding.
Despite these difficulties, six images of negatively stained, untilted crystals, taken at relatively high defocus values, were obtained, from which structure factors complete to 20 Å resolution and the corresponding projection map were derived. The crystals were evidently isomorphous with those previously obtained of the polymerase alone in the closed conformation, based on similarity of the unit cell parameters and projection maps, permitting difference analysis. A projected difference map showed peaks greater than two standard devia- dues from the junction with the duplex region. In the absence of UTP, transcription paused 11 base pairs into the duplex region, at the position of the first deoxyadeResults nylate residue in the template strand. Purified, paused complexes used for structural studies were analyzed for RNA Polymerase II-Tailed Template Cocrystal Our studies of polymerase-nucleic acid complexes betranscript length, by native gel electrophoresis, and for the capacity to resume RNA chain elongation upon addigan with a "tailed template," consisting of 18 base pairs of duplex DNA with a 15-residue deoxycytidine extention of all four ribonucleoside triphosphates (data not shown). The results of all analyses were in good agreesion or "tail" at one 3Ј-end ( Figure 1A these crystals were negatively stained and imaged in the electron microscope, Fourier transforms of the images 1997). The tailed template is evidently recognized as half of the "transcription bubble" that normally occurs showed diffraction spots to about 16 Å resolution. The crystals were isomorphous with those of polymerase at the active center of the transcribing enzyme. Threedimensional (3D) crystals of a yeast RNA polymerase alone in the closed conformation, permitting difference analysis. Untilted, projected difference maps computed II-tailed template complex have been reported and await X-ray structure determination (Fu et al., 1998). In from subsets of images matched in defocus (nominally within 200 Å ) showed a prominent peak, 2.5 above order to reveal the location of the template DNA more rapidly, we formed 2D cocrystals of the polymerasethe mean, in the 25 Å channel of both molecules in the unit cell ( Figure 2B ). In the absence of other significant tailed template complex on positively charged lipid layers for electron microscopy. A well-characterized form peaks, the 2.5 difference may be attributed to nucleic acid in the channel. The absence of any other significant of the enzyme that lacks subunits Rpb4 and Rpb7 and is capable of elongation was used because of its homodifferences further indicates that the structure of the polymerase in the elongation complex is the same as geneity and its propensity to form 2D crystals (Darst et al., 1991b) . A DNA concentration of 570 nM was used that of polymerase alone in the closed conformation, to the resolution of the analysis. to assure Ͼ90% occupancy of polymerase (190 nM), complexes preincubated with saturating amounts of streptavidin crystallized on lipid layers indistinguishably from nonbiotinylated complexes. Untilted, projected difchannel ( Figure 3B ). The larger peak appeared bilobate, with a longest dimension of about 60 Å , comparable to ference maps showed the same peak in the 25 Å channel as previously obtained for the nonbiotinylated elongathat of tetrameric streptavidin (Darst et al., 1991c ). This peak appeared alongside only one of the two polymertion complex and, in addition, a much larger peak adjacent to the arm of polymerase density surrounding the ase molecules in the unit cell at this contour level, due in all likelihood to preferential staining of one face of a difference map was obtained ( Figure 5B ) showing posithe crystal (see below). As a control, nonbiotinylated tive differences at 2.5 above the mean. Difference complexes were crystallized after preincubation with the density was largely confined to one face of the polymersame amount of streptavidin, and at similar significance ase molecule, the face visible for the molecule shown levels no additional difference peak was observed ( Fig ure 5B) emanate from the polygonal density in the direcplex with associated streptavidin. The difference betions of the previously noted "25 Å groove" and "narrow tween the elongation complex and polymerase alone channel" (Darst et al., 1991a) . was expected to be small, based on the difference density seen in projection and on the relatively small mass Discussion of the DNA and RNA component (about 5% that of the polymerase). We therefore took particular care to avoid
The difference density map obtained for the paused systematic errors between the two data sets, redeelongation complex is readily interpreted in terms of the termining the structure of the polymerase alongside that configuration of nucleic acids known from biochemical of the elongation complex to assure that the same microstudies. The active center of bacterial and eukaryotic scope and imaging conditions were used and that im-RNA polymerases is asymmetrically located within a 15-ages were assessed, digitized, and processed identiresidue single-stranded region or transcription bubble, cally. Structure factors were trimmed in resolution and about 3 residues from the downstream edge of the bubin apparent signal:noise ratio and were merged in the ble ( with results of cross-linking studies, mutagenesis, and all cases, the concentration of RNA polymerase II was 100 g/ml Difference Calculations ‫091ف(‬ nM) in 50 mM Tris-Cl (pH 7.5), 60 mM ammonium sulfate, 6
All crystals obtained were isomorphous, allowing direct difference mM MgSO 4 , 10 mM DTT, and no more than 2% glycerol. Following calculation after appropriate trimming, scaling, and alignment. Twodilution to this final concentration, the protein was chilled at 4ЊC for dimensional difference maps were calculated between data sets 45 min. For binary complexes, the polymerase was incubated with where pairs of images between sets were matched for mean defocus a 3-fold molar excess of DNA for 30 min at 20ЊC, prior to chilling. For to within 20 nm. Projection maps were scaled in real space, minimizexperiments with streptavidin, an 8-fold molar excess was added to ing the cumulative difference between corresponding pixels by linelongation complexes, followed by incubation for 45 min at 4ЊC. ear regression. Control difference projection maps were calculated Droplets of protein solution, 16-18 l, were placed in 3.5 mm diameby splitting the data for each average map into two groups and ter, 0.5 mm deep nylon wells at 4ЊC (Asturias and Kornberg, 1995 
